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An important flow mechanism that can affect the performance and efficiency, as also the 
maintenance cost of centrifugal pumps is cavitation. Scientific research has been focusing on 
the mechanisms that govern cavitation in order to develop experimental and numerical tools 
that are able either to detect the phenomenon or to anticipate its appearance. In this study, a 
computational model is used in order to study the cavitation performance of a radial flow 
centrifugal pump with a semi open impeller. The numerical model includes and studies the 
effects of the blade tip clearance and its thickness, and it is validated against corresponding 
laboratory measurements and visualization data obtained for this pump under normal and 
cavitating flow conditions. The total head drop variation curves versus cavitation parameter are 
extracted both numerically and experimentally, and compared for various pump loading 
conditions with satisfactory agreement. A non-periodic pattern of flow and cavitation bubbles 
between the impeller blades, which is caused by the inlet pipe bending, is also well reproduced 
by the model.  The numerical results display in detail the complex flow field and the secondary 
flows developed in the tip clearance area, close to the blades leading edge.  The effects of the 
latter on the onset and development of cavitation at the suction side of the impeller, as well as 
on the backflow cavitation phenomenon are presented and analyzed. Backflow cavitation is 
found to affect the suction ability of the pump, especially for moderate cavitation conditions, 
as far as the pressure differences between the two blade sides remain significant.  
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1. Introduction  
 
 
Cavitation is the hydrodynamic phenomenon that can be developed in fluid flow when the 
static pressure becomes lower than the vapour pressure of the fluid, psat. In centrifugal pumps 
such vapour cavities usually appear close to the suction of the impeller at the leading edge (LE) 
of the blades, where the flow is accelerated as it enters the rotating impeller. These bubbles 
travel with the flow downstream in the impeller, where the static pressure increases, and they 
are re-liquified within a few milliseconds. This very violent procedure generates microjets of 
high intensity that can harm the internal metal surfaces of the pump causing fast and extended 
ware. Especially in semi-open impellers, the tip clearance, ttc, strongly affects the flow through 
the impeller and the possibility of cavitation appearance. Furthermore, an additional cavitation 
mechanism has been observed in shroudless impellers, backflow cavitation [1]. The backflow 
phenomenon becomes apparent usually at low pump flow rates, when the cavities in the suction 
side are strengthened due to new bubbles that are formed in high speed leakage areas and 
recirculate to the suction side of the blade and the pump inlet.  
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Cavitation in centrifugal pumps has been studied both experimentally and numerically by 
many researchers. Detailed description of the various tools used for cavitation laboratory 
measurements can be found in Mousmoulis et al. study [2]. In computational modelling, various 
approaches have been proposed in order to study the formation of vapour cavities in the flow 
around bluff bodies, hydrofoils, and in nozzles and hydraulic turbomachines. The development 
of such models is a process of increased complexity, since the accurate simulation of cavitation 
requires the consideration of several parameters, such as i) the variation of density between the 
two phases, ii) the mass and energy between the two phases, iii) the relative motion (slip) 
between the phases, and iv) the irregular shape of the interface boundary. Moreover, a model 
must overcome the problems related to stability and robustness of the numerical procedure, so 
as to be applicable and efficient. The inability to satisfy all the above requirements by the 
development of one common numerical approach justifies the existence of a variety of 
numerical models, which make different assumptions and simplifications. The appropriate 
selection of the modelling approach depends on the individual characteristics of the problem 
investigated and the computational resources.  
The numerical methodologies that aim to simulate cavitation can be split in two main 
categories [3, 4]: i) the Interface tracking methods (ITM), and ii) the Interface capturing 
methods (ICM). The ITM provide the iterative solution of the incompressible liquid flow field, 
along with the interface boundary of the attached vapour area. The latter is treated as an 
isosurface in the liquid’s computational domain, at which the pressure equals the vapour 
saturation pressure. The iterations initiate after a first estimation of the attached vapour cavity 
size, which is progressively updated until a converged shape is achieved. In order to ensure that 
the vapour interface matches the constant vapour pressure value, a wake closure model is 
employed for the wake region [5]. This approach has been found capable to predict successfully 
the extent of the cavity [3, 4 & 6] and the machine’s performance deterioration under heavy 
cavitating conditions [7]. Nevertheless, ITMs face difficulties when they are used in three-
dimensional flows, since they are not able to accurately track the three-dimensional wake [8, 
9]. In addition, ITMs are not able to model cavitation types other than attached vapour 
formations. 
In the case of ICMs, the entire flow domain is solved, while the density of the medium varies 
between the vapour and the liquid density. Unlike the ITMs, ICMs allow for the modelling of 
all types of vapour formation, included bubble, vortex and tip cavitation. Two different 
approaches are used towards the calculation of the medium’s density: i) the Barotropic 
Approach (BA) and ii) the Transport Equation-based Models (TEM). In the first case, the 
density is associated with the local static pressure, with the use of a barotropic state law [10], 
while both phases are treated as a homogeneous mixture fluid. This approach assumes that there 
is not mass exchange between the vapour and the liquid phase. Barotropic models have been 
used successfully by several authors for the simulation of two phase flow development in 
hydrodynamic geometries [5, 11-18]. In all these cases, the heat transfer between the two phases 
is ignored and the two phases are assumed to be in a complete thermodynamic equilibrium. It 
is noted that Coutier-Delgosha et al. [13] proposed the replacement of the density in the 
calculation of turbulent viscosity with an expression that takes into account the compressibility 
effects in the medium under cavitating conditions. The new expression has been found to 
improve the predictions of the actual local flow conditions and the shape of the cavity [13], as 
well as of the trend of the characteristic curves of the pump under cavitating conditions [19]. 
This modification has been applied in both barotropic and TEM approaches [20-23]. 
On the other hand, the TEM incorporate a transport equation for the mass and volume 
fraction that regulates the mass transfer between the two phases. The transport equation is 
usually based on a simplified version of the main equation of bubble dynamics, the Rayleigh-
Plesset equation, which relates bubble growth with the internal bubble pressure conditions [24]. 
A great number of models have been proposed in order to describe the net mass transfer 
between the liquid and vapour phase at the bubble interface. The most frequently used models 
in the area of hydraulic turbomachinery follow the homogeneous approach (similarly to the 
barotropic models), which assumes the vapour and liquid phase to behave as one medium. The 
models are briefly presented in Table 1 and as can be seen, all expressions are functions of the 
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main quantities and properties of the fluid (e.g., flow, vapour, mixture and liquid densities, ρ, 
ρv, ρm and ρl, vapour and non-condensable gas volume αv, αncg and mass fractions, fv, fncg, static 
pressure, p, turbulence kinetic energy, k, free stream velocity, u∞ and saturation pressure, psat), 
and usually contain one or more empirical coefficients (e.g. bubble radius, RB, nucleation site 
volume fraction, αnuc, and vaporization and condensation factors, Cvap and Ccond). Some of the 
expressions developed [25, 26] allow also the modelling of non-condensable gas in the mixture-
medium (αncg, and fncg), in order to include their effect on the development of vapour phase, 
which is found to be significant especially during cavitation inception conditions, in some 
experimental and numerical studies [27-32]. Li [33] showed that a mixture with non-
condensable gas content higher than 15 ppm can even change significantly the critical 
cavitation number value for pump head collapse.  
The Kunz et al. [25] model that is described in Eq. 1, uses an expression that relates 
evaporation (m-) with the liquid volume fraction, αl, and the difference between static pressure, 
p, and saturation pressure, psat. This model is used in [34, 35] for the study of sheet cavitation 
in a centrifugal pump for a wide range of flow rates, Φ and cavitation numbers, σ. Medvitz et 
al. [34] conducts steady state simulations for flow rates close to the best efficiency point (BEP) 
and transient simulation for partial loading, where additional unsteadiness is introduced to the 
flow in the impeller. Wang et al. [35] introduced the effect of turbulent pressure fluctuations to 
the Kunz et al. model, as it is proposed by Singhal [26]. The new model is compared with the 
original Kunz et al. and Zwart et al. models [36], and its results show satisfactory agreement 
regarding the cavitation curves of the machine but also the prediction of the total head 
breakdown and the shape of the cavity formed at the pump suction The Schnerr and Sauer 
model [37] uses the Rayleigh-Plesset equation to derive the expressions of Eq. 2 that contain 
no empirical constants. Sato et al. [38] use Schnerr and Sauer model in order to predict two 
phase flow phenomenon in a double suction volute pump by Large Eddy Simulation and the k-
ε turbulence model. Their results showed that the LES can predict more accurately the detailed 
characteristics of the cavities and the pressure waves derived by bubble implosion, especially 
in cases where cavities are followed by flow vortices.  
The full cavitation model (FCM) presented by Singhal et al. [26] in 2002 is based on the 
Rayleigh-Plesset equation and its novelty is related with the introduction of the turbulent kinetic 
energy, k, and the bubble surface tension, s, in the mass transfer equation (3) (Table 1). Mostafa 
et al. [39] validate the numerical results derived with FCM with experiments made for the study 
of the tip cavitation in an axial flow pump. Ding et al. [40] develop an innovative meshing tool 
able to generate unstructured body-fitted Cartesian grid, similarly to Anagnostopoulos [41]. 
This tool is applied with the FCM in an axial centrifugal pump in order to use it both as design 
and diagnostic tool. The main advantages of this method is the fast mesh generation in complex 
geometries, while the results are similar with denser structured meshes. Kim et al. [42] manage 
to improve the accuracy of the onset and development of cavities through transient simulation 
and analysis in a radial pump with time step that corresponded to 3° rotation.  
Finally, the Zwart et al. model [36] is based in the expression developed by Iben [43] and 
relate evaporation and condensation source terms of Eq. 4 (Table 1) with the bubble radius and 
its dynamics. Pierrat et al. [44] use this model and simulate a helicon-centrifugal pump in order 
to assess two different meshing methodologies; a blade to blade topology (BTBT) and one that 
included the entire pump geometry. Their results show that BTBT calculations can provide 
acceptable results, and that the FCM model can predict accurately the size and position of the 
bubbles. Liu et al. [45] use Zwart et al. model for the investigation of cavitation phenomenon 
in a pump-turbine and confirm that bubble formation at the inlet of the pump could heavily 
reduce the efficiency and the performance of the machine. Cunha and Nova [46] model the 
cavitation performance in a radial impeller by studying only the BTBT. The model is found 
capable to predict the two phase flow, since all cavitation pocket areas appear at the expected 
positions, at the suction of the impeller close to the blades inlet. Zhang et al. [22, 47-48] 
investigates the structure of cavitation patterns in tip leakage vortex cavitation of an axial pump 
found that the tip leakage vortex trajectory is heavily influenced by the flow rate and blade 
loading. The Zwart et al. model has also been used successfully by the present authors for the 




Table 1.  Equations of cavitation models used in centrifugal pumps numerical simulations. 
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In the present study, the Zwart et al. model [36] is used together with commercial CFD 
software for the study of cavitation development in a centrifugal pump with a radial semi-open 
impeller, which, to our knowledge, has not reported in previous scientific articles. The majority 
of relevant published works deal with the effect of tip clearance in axial [22, 47-48 & 51-55], 
mixed flow pumps [56-62], and inducers [63-65]. This work examines also the effect of tip 
clearance and its geometrical characteristics on the suction and backflow cavitation formation 
for a wide range of pump flow rate and cavitation intensity. The numerical results are validated 
against corresponding laboratory measurements taken for this particular pump type, while the 
exact inlet and outlet pipe configuration of the test rig is also simulated. More specifically, the 
validation of the pump performance curves is followed by a detailed comparison of the 
developed vapour zone, from the cavitation inception point until total head breakdown.  
 
 
2. Numerical modelling 
 
 
2.1 Mathematical formulation 
 
The Zwart et al. model [36] is a homogeneous model in which vapour and liquid phases are 
considered to behave as one medium (mixture) rather than two separate phases that interact 
with each other. Hence, only one set of governing equations is solved, and it is assumed that 
the two phases have the same dynamics and there is no slip between them. The governing flow 

























g +F (6) 
 
where p represents the pressure flow field, F the external body forces and uj the flow field 
velocity and τij the viscous stress tensor. Τhe density of the mixture, ρm and the vapour transfer 
equation that controls the mass transfer between the two phases are given by the following 

















where αv and al are the vapour and liquid volume fraction, respectively. The equations that 
describe the mass transfer evaporation, ṁˉ and condensation, ṁ+ are given by Eqs. 4 in Table 
1.  The values for the model coefficients used in this study are: RB=10-6 m, αnuc=0.0005, Cvap=50 
and Ccond=0.01. These values are proposed by Zwart et al. (2004) and have been found to work 
decently in studies related with two phase flow modelling in semi-open radial hydraulic 
turbomachinery applications [45, 47-48 & 66-67]. 
In the present study, the k-ω SST turbulence model [68] is used for the closure of Reynolds-
averaged Navier-Stokes solver for a more accurate prediction of flow separation under 

































) +Gω-Yω+Dω (10) 
 
In the above equations, ω represents the specific dissipation rate, Dω is the cross-diffusion 
term, while Γk and Γω, Gk and Gω and Υk and Υω represent the effective diffusivity, the generation 
and the dissipation of the turbulence variables k and ω, respectively.  
 
2.2 Performance equations 
 
The following Eqs. 11 and 12 are used for the calculation of the total head, Htot, and 























where vDis vSuc, pDis and pSuc are the mean pipe velocity and static pressure at discharge and 
suction, respectively, Z is the vertical distance between the discharge and suction measuring 
points (see section 3), Q the flow rate, Pmech, is the mechanical power, Pel, is the electric power 
consumed from the motor and ηmot the motor’s efficiency. For the analysis of the two phase 
flow inside the pump the dimensionless Thoma’s cavitation number, σ, is used, given by Eq. 
13. The Net Positive Suction Head (NPSH) depicts the difference between the total pressure in 
the suction side, Htot_Suc from the vapour pressure, HV, both expressed in head units. Finally, the 
dimensionless parameters of the pump for the flow rate, Φ, head, Ψ, and power, N, are 



























where c2n is the radial component of the absolute flow velocity at the impeller outlet, u2 the 
circumferential velocity of the impeller and D the impeller diameter. 
 
2.3 Numerical grid and computational details 
 
The computational domain consists of four zones (Fig. 1a): The inlet pipe (I), the impeller 
nozzle (II), the impeller blades (III) and the volute with the outlet pipe (IV).  The semi open 
impeller with diameter, D=2R2=165 mm, shown in Fig. 1b, consists of twelve radial blades 
(β1=β2~90°).  The domain includes the original tip clearance between the blades and the casing, 
with thickness ttc=0.9 mm. The impeller geometrical characteristics are provided in Table 2. 
The specific speed value of Table 2 is calculated by Eq. 17, while the units used for the flowrate, 











Fig. 1.  (a) The computational domain, (b) the simulated impeller.  
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The rotating zone ΙΙ of the impeller is meshed with tetrahedral elements, whereas the blades 
zone III is meshed as BTBT in ANSYS Turbogrid with hexahedral elements. In this study, the 
modelling of the single and two-phase flow conditions at the tip clearance of the impeller is of 
crucial importance, so ten hexahedral elements are used for the spatial discretisation at the z-
direction (Fig. 2) of the gap, as a good compromise of local discretization accuracy and quality 
of the mesh. The zones I and IV are meshed with tetrahedral elements, except of the straight 
pipes, where the discretization was done with hexahedral elements. The meridional view from 
the final mesh of the total domain is presented in Fig. 2 that includes the four zones with the 
corresponding interfaces.  
   
 
Fig. 2 Meridional view of the computational domain of mesh No. 2. 
 
The mesh convergence study involved the flow simulation at Φ=0.074 and σ=0.33, using 
four meshes of different density in order to study the spatial convergence at cavitating 
conditions. The results are presented in Fig. 3a. The coarse mesh (Mesh No. 1) had 1.8 million 
elements and was refined five times by keeping the average y+ value below 10. The structure of 
meshes No. 1, 2 & 4 at the impeller inlet area, which is the crucial region in terms of cavitation 
development, are given in Figs. 3b, 3c & 3d. Fig. 3a shows that that all parameters do not 








Fig. 3 (a) Mesh convergence study of σ, η and Ψ, the mesh at impeller inlet for mesh No. 1 (b), 
No. 2 (c) and No. 4 (d).  
 
Furthermore, the area covered by vapour at the suction side of the impeller is studied in 
order to determine when its shape and extent become spatially independent. As a consequence, 
the isosurfaces of the vapour pressure area are plotted for the four meshes in Fig. 4, where it 
can be observed that it is quite similar for the three finer of them, No. 2, 3 and 4.  Hence, the 




Fig. 4 Isosurfaces of vapour pressure area at the LE of the blades. 
 
The effect of the impeller blades angular position relative to the volute has been examined. 
For this reason, the impeller section is rotated in three different angles (θ1, θ2 & θ3) relative to 
the reference position, θo = 0, as shown in Fig. 5a, and the simulations are performed for all 
four positions at the same OP (Φ=0.074·ΦBEP and σ=0.33).  
The corresponding results for the η, σ and Ψ values are very slightly influenced by the exact 
impeller’s position, as can be seen in Fig. 5b (respective variations about 1.5%, 2% and 0.5%). 
On the other hand, the vapour cavities developed close to the blades leading edge (Fig. 5c,d) 
exhibit similar characteristics but size differences, which are due to the non-axisymmetric 
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pattern of the flow at the pump imlet, discussed in section 3, below. Consequently, the 
computational domain with the impeller at position θ=θ0 is considered suitable and 




Fig. 5 Impeller relative angular position (a), and its effect on the resulting values of η, σ and Ψ 
(b) and on the cavitation development (c, d). 
 
For the boundary conditions of the simulated domain (Fig. 1a), mass flow rate at the inlet 
and pressure outlet value are given from the values obtained during measurements. The absolute 
value of vapour pressure for the water was set to p=2.8 kPa that corresponds to T=23 °C, the 
temperature that all the experiments were carried out. In this study, six Φ values were simulated 
for the derivation of Φ-Ψ and Φ-T curves, while four Φ values were selected for cavitation 
computations at various σ values. The steady state approach is considered for all the 
simulations, with the use of the moving reference frame technique. More specifically, the 
domain that corresponds to the impeller remains frozen relative to the volute (frozen rotor 
approach), while the flow equations (in the impeller domain) are solved in the rotating reference 
frame. For this reason, interface surfaces are defined between the rotating and stationary frames, 
where the equations are transformed from the stationary to the rotating system of reference. It 
is noted that all the numerically obtained results of the present study illustrate the steady state 
converged solutions of the iterative numerical procedure. Second order of spatial discretization 
is selected for the pressure, momentum, volume fraction and turbulence. The algorithm 
converges when the normalized residuals of the flow equations are reduced below 10-4. 
 
2.4 Tip clearance modelling 
 
In order to study the effect of the blades tip clearance οn the onset and development of 
cavitation, two more geometries are generated: one with a narrower tip with thickness ttc=0.5 
mm, and one with a larger tip with ttc=1.5 mm. The study includes two stages, i) the effect of 
tip clearance on the characteristic curves of the pump under single phase conditions, and ii) the 
comparison of pump performance for different tip clearance thicknesses under cavitating 
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conditions. This requires the same σ and Φ values, which creates additional difficulties to the 
simulation. On the one hand, the flow rate is set as inlet boundary condition and cannot be 
changed during the simulation. On the other hand, the cavitation parameter is a function of the 
calculated static pressure at the inlet and the total head of the pump (Eq. 13). Consequently, in 
order to achieve the same σ value in all cases, the static pressure at the outlet boundary is 




3. Experimental set up  
 
 
Experiments were carried out in a laboratory pump in the Engineering Department of 
Lancaster University, which is shown in Fig. 6. The water is pumped from the tank and passes 
through the suction valve before it enters the centrifugal pump that has a casing made from 
Plexiglas in order to visualize the flow inside the impeller. After the pump, the flow passes 
through the flowmeter and the discharge valve, which controls the flow rate, and returns to the 




2. Plexiglas Casing 
3. Electric Motor 
4. Discharge Pipes 
5. Discharge Static 
Pressure Sensor 
6. Flowmeter 
7. Discharge Valve 
8. Suction Valve 
9. Suction Pipe 
10. Suction Static Pressure 
Sensor 
11. 90° Elbow (1) 
12. 90° Elbow (2) 
Fig. 6 Test rig at Lancaster University Laboratory. 
 
For every Operating Point (OP) tested, the flow rate, the inlet and outlet gauge pressures, 
the electric power, and the rotational speed measurements are taken with sampling frequency 
and duration of 1 kHz and 120 seconds, respectively. In order to study the inception of the 
initial bubbles and their development, the suction static pressure is progressively reduced by 
throttling the suction valve in order to reduce the σ value, while properly regulating the 
discharge valve to retain the flow rate, according to [69, 70]. This elaborate procedure is 
carefully carried out by hand, in order to regulate the flow rate with the desired accuracy 
(deviation below 1% along the entire σ-Ψ curves) and to obtain repeatable measurements. 
Repeatability is verified for all tested impellers, as can be seen in the example of Fig. 7, where 
the measurements of three cavitation tests for the same flowrate (Φ=0.061) are plotted. 
However, this method imposes a restriction to examine only partial flow rates, because for 
high flow rates the discharge valve is initially quite open and cannot be used to restore the flow 
rate after the throttling of the suction valve. 
In the present study, flow visualization is used as a tool that confirms macroscopically the 
existence of bubbles, their onset as well as the shape, size and position of the vapour phase, and 
compares all the above with the corresponding numerical results. The experimental photos 
presented throughout this work are representative of the visually observed characteristics 
(location and shape) that the vapour phase exhibits during the 120 sec of each corresponding 
measurement. As it is discussed in section 4.3.1, there are operating points where the vapour 
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area exhibits strong attached cavitation characteristic, which keep its extent and position 
relatively unchanged with time. 
 
 
Fig. 7 Indicative repeatability of the experimental σ-Ψ characteristic curves, for Φ=0.061. 
 
Moreover, it is possible that micro-cavities exist before optical visual inception, as well as 
outside of the limits of the visible two phase flow area. However, the available potential of the 
current visualization is considered. For each OP, the flow field inside the impeller is captured 
in a photo with the use of a stroboscope and a camera of DSLR type with 4752 x 3168 recorded 
pixels, CMOS image sensor and max shutter speed of 0.25 msec. In all tests the rotation speed 
is kept constant at 1800 rpm and the fluid temperature at 23°C. The tests are performed three 
times in order to ensure repeatability of measurements of the flow quantities, as well as of the 
cavitation inception and development. The total relative uncertainties, ft,Y, for all the measured 
and calculated quantities are given in Table 3. The uncertainties are calculated according to the 
relations given in [71], except of the efficiency uncertainty, which is obtained by Eq. 18. 
 
Table 3 Total relative uncertainty for all the measured and calculated quantities. 
 Measured Variables  Calculated Variables 
Y Q pSuc pDis T Ω Pel Φ Ψ σ η Htot NPSH 























The 90° bending pipe upstream of the impeller inlet (No. 11 in Fig. 6) and the volute of the 
pump disturb the axial symmetry of the flow and creates an additional pressure drop. The non-
axisymmetric pressure field at the impeller inlet is shown in Fig. 8 and justifies the fact that 
during the experimental tests cavitation inception appears first in the left side (90°<φ<180°) of 
the impeller eye. For this reason, the camera is fixed at the left side of the impeller, as it is also 
depicted in Fig. 8, in order to take comparable pictures for all examined cases. For the same 
reason, the validation and the presentation of the two phase flow results focuses on this region 
of the impeller. It is noted, that a second bending pipe is installed at the exit of the pump (No. 
12 in Fig.6), downstream of the impeller, which creates additional friction losses, similar to the 
elbow at the suction side (No. 11 in Fig.6). 
 
 
4. Results and discussion 
 
 
4.1 Validation of the numerical results 
 
The validation methodology includes the comparison of the performance curves at both 
single and two phase flow conditions in order to ensure the reliability of the modelling 
methodology. The calculated and measured head, efficiency and power characteristic curves 
are given in Fig. 9.  
 
 
Fig. 9 Experimental and numerical curves under non cavitating conditions. 
 
All the curves exhibit the qualitative trend of centrifugal pump impellers in this specific 
speed area, i.e. Ψ is a monotonically decreasing function of Φ, N increases with Φ and η has 
one global maximum. Very good agreement for all variables is achieved close to the BEP of 
the pump (Φ=0.091). Τhe differences increase at partial loading, where the CFD model 
overpredicts at the same degree both the total head and the power, resulting in very good 
agreement of the efficiency characteristic curves (Fig. 9). The existence of pipe bends at the 
suction and the discharge pipe of the pump (Fig. 6) may be responsible for this difference. The 
90 deg. turn of the fluid creates secondary flows that disturb the fully developed flow pattern 
for a few pipe diameters downstream. This, in turn, affects the uniformity of the static pressure 
field at the cross section of the pipe where the pressure sensors are installed, especially that 
located downstream of the discharge bend (Fig. 6), and hence, the accuracy of the pump head 
measurements. It is noted that the computational domain includes the geometry of both pipe 
bends (Fig. 1), therefore, a better agreement should have been achieved. Nevertheless, the total 
relative error remains below 10%, and this systematic deviation does not affect much the further 
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study of cavitation conditions of the pump, which are governed by the flowrate and the static 
pressure at the suction side.  
The experimental and numerical results for the corresponding σ-Ψ correlations are plotted 
in Fig. 10. At first, the deviation of Ψ values in the non-cavitating region of σ, increases as the 
flow rate becomes lower, as discussed previously in Fig. 9. In the cavitating region, between 
the last two OPs measurements, the slightest change of valve position resulted in a drastic drop 
of suction pressure and the total head is collapsed (see also [72]). On the other hand, in the 
numerical analysis it is possible to simulate the flow conditions between these two lowest 
experimental σ values, as shown in Fig. 10. The values of Ψ exhibit barely noticeable 
differences, albeit the addition of the two-phase model. The experimental value of minimum σ 
value, σFC is systematically higher compare to the numerical one, similarly to previous 




Fig. 10 Experimental and numerical σ-Ψ curves for different Φ values. 
 
As it was presented in studies that included a parametric analysis regarding the effect of 
non-condensable gas [33, 74], the effect of non-condensable gases that is not taken into account 
in the current simulation, can cause the head collapse to happen earlier, namely at higher σ 
values. Additional factors that may be responsible for the deviation between measured and 
computed σFC, are the values given to the vaporization and condensation constants of the 
cavitation model, the geometry inaccuracies, especially at the tip clearance area, and the fact 
that the impeller-volute dynamic interactions are not modelled here. In view of these 
uncertainties, the agreement in all the cases of Fig. 10 is quite satisfactory. The points A to H 
depicted in this figure will be discussed in section 4.3 below.  
 
4.2 Performance under non-cavitating conditions 
 
The calculated characteristic curves for Ψ, η and N of the pump for the three tip clearance 
cases are plotted in Figs. 11 and 12. Here, Ψ value increased with the decrease of tip clearance 
thickness and was maximized at the case with the minimum tip clearance, due to the 
minimization of leakage flow passage along with the tip losses and vortex recirculation 
similarly to [64, 75-77]. Similar behavior follows the efficiency of the pump due to the increase 













Fig. 13. Relative velocity vectors at the LE of the blades.  
 
The relatively low efficiency of this pump (~40% at BEP) shown in Fig. 9 is mainly justified 
from the non-hydrodynamic design of the impeller’s blades and the absence of shroud. As can 
be seen in Fig. 13, the 90° inlet angle of the blades results in a high incidence angle, i (i= β1- 
β1w), of the relative flow velocity, w1, that causes decelerated and flow separation zones at the 
blade inlet [78], even at ΦBEP OP. Under such flow conditions, the recirculation appears at the 
low pressure side of the blades. The relative velocity vectors demonstrate the poor impeller 
design and the low efficiency measured and computed. In the same figure is also observed the 
non-axisymmetric effects at the recirculation areas that have different shape between two 











Fig. 14 (a) MS and LE area of the blade, relative velocity vectors at Φ=0.091 at the original tip 
clearance geometry (ttc = 0.9 mm) for (b) A1, LE, (c) A2, LE, (d) A1, MS, (e) A2, MS. 
 
A second mechanism that affects the overall efficiency and the cavitation behavior of the 
pump is the tip clearance flow developed between the rotating blades tip and the stationary 
casing. In order to depict tip effects on the flow, the relative velocity vectors are plotted in Fig. 
14 in two areas, i) at the blade LE and ii) at the midspan (MS) of the blade, and on two different 
planes; the plane A1 along the tip (Fig. 14b,d), and the meridional plane A2 (Fig. 14c,e).  
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According to the results of Fig. 14, the flow at the tip consists of two components; i) the 
main part that is directed towards the suction, low pressure side of the blade and the inlet of the 
impeller and forms backflow recirculation (Qtc,bfr) and ii) a part that flows towards the trailing 
edge, Qtc,TE. The latter is observable only on A2 planes, however backflow recirculation is more 
significant since it dominates flow conditions of the flow path. The only exception is the flow 
at the MS of the blade at A2 plane where this component of the relative velocity vectors flows 
towards the TE. A noteworthy observation that can be seen in Figs. 14b&c is that backflow 
recirculation at the LE area may alter to backflow cavitation when machine operates at such 
conditions that favor two phase flow formation into the tip clearance. As a consequence, tip 






Fig. 15 Relative velocity vectors at Φ=0.091 for (a) A1, ttc=0.5mm, (b) A2, ttc=0.5mm, (c) A1, 
ttc=1.5mm, (d) A2, ttc=1.5mm. 
 
For this reason, the effect of tip clearance size ttc at the backflow phenomenon is also 
examined, and the results for Φ=0.091 are presented in Fig. 15 only for the LE area.  As was 
expected, the direction of back flow recirculation, Qtc,bfr, remains similar with the original 
geometry (Fig. 14b,c) for both larger and smaller ttc values tested, however its strength is 
analogous to the tip clearance (Fig. 15) Especially at A2 plane, the intensity and the size of the 
recirculation vortex, appears to be affected significantly by the tip clearance thickness (Fig. 






4.3 Performance under cavitating conditions 
 
The performance of the pump under cavitating conditions is studied in three stages. Firstly, 
an appropriate vapour volume fraction, αv for the optical representation of the interface of the 
two phase flow must be selected.  Then, the computational results for various flow rates, and 
for three σ OPs, one at the onset of the phenomenon, one at intermediate cavitation stage and 
one at the lowest σ value, are presented and compared with the flow visualization results 
captured by the camera. Finally, the computational results of the flow at the tip clearance during 
cavitation inception and development are presented and discussed.  
 
4.3.1 Cavitation inception and development.  
In order to investigate the two phase flow conditions inside the impeller, the photos obtained 
with the DSLR camera are compared directly with the computational results at the OPs depicted 
with the capital green letters in Fig. 10. The area that encloses the cavities in the simulation 
results is visualized by the use of isosurfaces curves of vapour volume fraction, αv (Fig. 16b).  
From the indicative comparative results of Fig. 16 it can be deduced that the isosurface with 
αv≈0.5 provides a satisfactory representation of the macroscopically visible vapour area, so as 
to agree with the corresponding experimental photo. The same value is also adopted in other 
works [79-82]. This selection does not mean that a lower value of vapour area would be 






Fig. 16 (a) Flow visualization and (b) Vapour volume fraction at OP C (Fig. 10). 
 
The experimental flow visualization results are compared with the numerical results 
obtained for αv = 0.5 (blue color areas) in Fig. 17, for all the OPs A to H, as they are marked in 
Fig. 10. The values of σ and Ψ that define the corresponding experimental and numerical OPs, 
are selected as close as possible in order to be comparable.   
As expected, in both the experimental and computational results cavitation appears at the 
suction side of the blade close to the LE. Moreover, the numerical results in Fig. 17 show that 
cavitation initiated in the tip clearance region of the blade, at the same time (e.g. point H), or 
even earlier (point F). This may also happen in the real impeller, but cannot be observed in the 
corresponding photos due to the light reflection at the blade side surface. In all cases, the size 
of the two phase flow becomes larger when the σ value reduces and approaches the head 
collapse limit. In addition, the most intense cavitation appears at E and G OPs (Fig. 17), which 
are those with the lowest σ value (~0.2, see Fig. 10). In these cases the cavity occupies 
significant span of the tip clearance close to the LE of the blade. In most cases of Fig. 17 the 
simulated two-phase flow areas agree in general with the corresponding visual observations 
and pictures taken. The few differences noticed are mainly due to the difficulty of the model to 
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Fig. 17 Experimental and numerical two phase flow results for various Φ and OP marked in 
Fig. 10: Points B, D, F, H are close to cavitation inception, and points A, C, E, G are at smaller 
σ values (developed cavitation). 
 
Although cavitation is an inherently unsteady mechanism, the macroscopic two-phase flow 
formations presented in this section exhibit a combination of an almost steady and a transient 
part, the appearance and relative size of which is related with the suction conditions (value of 
σ). When the pump operates at relatively higher σ values, such as in the case of OPs B, D, F 
and H (Fig. 17), the bubble formations is unquestionably dynamic: the bubbles are created 
randomly and re-liquified abruptly, showing a typical travelling bubble cavitation type [83]. 
Consequently, a steady state MRF simulation is unable to predict accurately this strongly 
unsteady behavior, and the numerically obtained results underestimate the actual extent of 
vapour area, as it can be observed especially for the OPs B and D (Fig. 17).  
On the other hand, when the study focuses on lower σ values, such as in OPs A, C, E and G 
(Fig. 17), the vapour formations in the impeller contains an almost steady attached cavity that 
does not change significantly over time, and a second area at the downstream limits and beyond 
of the attached cavity, which consists of vapour bubbles that exhibit unsteady behaviour. The 
appearance of the attached cavity is the result of the flow separation that appears in the relative 
velocity vectors of Fig. 13, due to the increased incidence angle of the present impeller. As a 
result, in the OPs A, C, E and G of Fig. 17, the steady part of the two phase flow becomes 
stronger and the model predictions regarding the extent and the shape of the two-phase flow 
area are improved. 
For all the above cases, the photos presented in Fig. 17 to 19 are carefully selected to be as 
representative as possible of an ‘average’ picture of the flow field observed during the flow 




4.3.2 Severe cavitation  
The experimental and numerical results of the flow in the impeller at the point when Ψ 
collapses are compared in Fig. 19 for the four Φ values tested. At these operating conditions 
the cavities block the entire path between the impeller blades, and the visual observations reveal 
that the flow becomes very unsteady and exhibits intensive recirculation and separation regions. 
In order to discuss in more detail the complex flow conditions during severe cavitating 
conditions, the results for a particular flowrate (Φ=0.061) are shown separately, in Fig. 18, 
where different vapour formations coexist in the impeller flowpath: 
i. Attached vapour cavities at the suction side of the blade, forming a homogenous single 
bubble.  
ii. Cloud bubble cavitation at and  beyond the limits of the attached cavitation area. 
iii. A dynamic wake of vapour bubbles in the flowpath downstream of the cloud bubble area. 
iv. Tip cavitation in the blade leakage area, which causes the backflow cavitation 
phenomenon.  
The aforementioned types can be also observed in all experimental photos of Fig. 19. 
  
 
Fig. 18 Various cavitation types that can be observed during heavy cavitating conditions. 
 
The non-periodic flow can be also observed at this OP for all flowrates, where the extent of 
the two phase region is different at neighboring flow passages. This behavior is sufficiently 
reproduced in the corresponding numerical results shown in Fig. 19. Furthermore, the 
numerically obtained results of Fig. 19 are not able to predict the wake of the cloud area that 
presents unsteady characteristics, since the steady state simulations suppress this part of two-
phase flow area.  
Although the agreement between the simulation and the test results for the two phase flow 
area is very satisfactory, it takes place at similar Ψ but different σ values, as discussed above in 
section 4.1 and shown in Fig. 10. More specifically, the numerical σ values are lower than the 
corresponding experimental ones, showing that the model predicts the total head breakdown 
with a delay. Finally, at the lowest flow rate (Φ=0.046), the two phase flow extends from the 
LE to the TE and all the area from the suction to the pressure side of the next blade (Fig. 19). 
The cavitation area decreases with the increase of Φ, and for higher flow rates (Φ=0.061, 
Φ=0.076 & Φ=0.046) it covers smaller blade span. This is due to the fact that the minimum σ 
value is higher for higher Φ values (Fig. 10), and as a consequence, the phenomenon exhibits 
narrower characteristics. The extent of the cavities, especially at the minimum σ point, affect 






Φ=0.091 Φ=0.076 Φ=0.061 Φ=0.046 
    
σ=0.24, Ψ=0.83 σ=0.19, Ψ=0.79 σ=0.15, Ψ=0.79 σ=0.12, Ψ=0.76 
    
σ=0.16, Ψ=0.81 σ=0.12, Ψ=0.80 σ=0.08, Ψ=0.79 σ=0.06, Ψ=0.80 
Fig. 19 Flow visualization (first line) and numerical results (second line) of the extent of 
cavitation flow inside the impeller at Ψ collapse point, for various Φ values.  
 
 
4.3.3 Tip clearance effect on cavitation 
The performance of the present pump is significantly affected by the absence of shroud at 
the impeller. In Section 4.2, it was concluded that backflow recirculation from the tip is 
important close to the LE of the blade. This could strongly affect cavitation development at 
lower σ values and possibly create conditions that favor backflow cavitation. For this reason, 
the analysis of tip clearance effect on cavitation starts with the comparison of the relative 
velocity vectors at the LE for three different OPs; σ1 = 0.62 is close to the onset of the first 
bubbles, σ2 = 0.34 at an intermediate stage of development, and σFC = 0.16 corresponds at the 
total head breakdown for Φ =0.091. The results are compared in Fig. 20, together with the static 
pressure contours. It is noted that all pressure contours presented in this study depict the relative 
to atmospheric (gauge) pressure. Τhe static pressure decreases gradually in the entire LE region 
with the reduction of σ value, while cavitation grows and captures larger volumes at the suction 
side of the blade, at the impeller inlet and in the tip clearance area (Fig. 20). As expected, at σFC 















Fig. 20 Static pressure contour and relative velocity vectors for ttc = 0.9 mm and Φ = 0.091 at 
(a) A1, σ1, (b) A1, σ2, (c) A1, σFC, (d) A2, σ1, (e) A2, σ2, (f) A2, σFC. 
 
Moreover, at the σ2 value, it can be seen that the flow cavitates in the majority of the area 
between the blade tip and the casing, while the inner and the back flow recirculation, transfers 
this two-phase flow towards the impeller inlet and suction side and forms backflow cavitation.  
However, when σ takes its lowest value, and Ψ is collapsed, both recirculation flows exhibit 
a decrease (Fig. 20c,f). This is because the static pressure continues to decrease only at the 
pressure side of the blade, and hence the pressure differences which drive backflow 
recirculation become smaller. As a result, the backflow cavitation weakens as σ decreases and 
hence this flow mechanism seems to affect more the OPs at intermediate values of σ, around 
σ2. This is observed also in [65], where a similar numerical investigation (CFD code and two 
phase model) is carried out in a turbopump inducer.  
 
    
 
Fig. 21 Pressure contour at xy plane, z=1mm for Φ=0.076, σ~0.31 at the three tip clearances. 
 
Finally, the effect of tip clearance thickness on the two phase flow development is 
investigated with the simulation of two additional geometries of tip clearance under cavitating 
conditions at Φ=0.076. Three σ values are used for the two phase flow analysis that correspond 
to initial stage (σ1 ~0.42), intermediate (σ2 ~0.32) and intense cavitating conditions (σFC ~0.13). 
In order to achieve identical non-dimensional suction conditions (σ) the pressure outlet 
boundary condition was regulated. The comparison of the static pressure contours at a xy plane 
for σ2 ~ 0.31, is made in Fig. 21, where a representative view from inside the impeller can be 
observed (z = 1mm). The general behavior of the flow is similar for the three tested ttc, as the 
increase of flow recirculation in the larger ttc case is balanced by the flow deceleration due to 
the larger cross section area.  
However, closer examination of the pressure fields in Fig. 21, shows that the extent of lower 
pressure area in the suction side of the blades increases as ttc is increased. In addition, the relative 
velocity vectors are plotted in Fig. 22 along with the static pressure contours, in order to depict 
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the size of two phase flow area at the tip clearance. According to the results, it can be observed 
that the low pressure area covers the largest part of the tip clearance at ttc =0.5 mm, where the 
cavities extend to the stationary casing side of the numerical domain (Fig. 22a). For larger 
thicknesses the two-phase cavitating area remains about the same, thus it covers less portion of 
the tip clearance space (75% of ttc=0.9mm and 50% of ttc=1.5mm). Also, the flow recirculation 
area, depicted from the relative velocity vectors in Fig. 22, increases with the increase of ttc 








Fig. 22 Static pressure contour and relative velocity vectors for the three tip clearances 







In this work a numerical model is developed for the simulation of the performance of a 
centrifugal pump with radial semi-open impeller, under single and two phase, cavitating flow 
conditions. For the simulation of the two phase flow the homogeneous approach is implemented 
with the use of an additional transport equation that is based on the expressions developed from 
Zwart et al. [36]. The computational domain includes the blades tip clearance area in order to 
study the effect of tip leakage flows in the performance and suction behavior of the pump. The 
model is found capable to predict sufficiently the characteristic curves of the pump both under 
normal operation and cavitating conditions. In addition, flow visualization and laboratory 
measurements performed for this particular pump confirm the ability of the numerical model 
to reproduce the total head drop curve due to cavitation, and to predict the location and the 
extent of the cavitation zone developed for various operating conditions of the pump. The 
difficulties of the numerical model to reproduce the dynamic part of the vapour area and the 
differences observed at the total head breakdown operating point, which appear systematically 
at slightly lower cavitation numbers compared to the experimental data, reflect the limitations 
introduced in the present methodology by the conduction of steady state simulations and the 
ignorance of the effect of non-condensable gas in the mixture medium. Nevertheless, the 
numerical results provide a reliable qualitative view of the complex two-phase flow pattern 
even at at such severe cavitating conditions. 
The flow pattern at the blades tip clearance region includes important secondary flows that 
recirculate part of the tip flow back to the suction side of the blade and back to the inlet of the 
impeller. Both these recirculating flows disturb the main flow field in the impeller and create 
conditions that favour cavitation creation and development. Especially Qtc,bfr, recirculates flow 
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from the tip cavitating area and brings it towards the cavitated impeller inlet by forming the 
backflow phenomenon that reinforces the existing two phase flow. The effect of backflow 
cavitation in the suction performance of the pump is strong until the σFC OP, where the pressure 
differences that drive recirculation drop, following the total head breakdown. Increase of the 
tip clearance thickness causes further reduction of the total head and the efficiency of the pump 
under single phase conditions. Moreover, under cavitating conditions, the tip clearance 
thickness does not affect considerably the absolute size of the two-phase flow region between 
the blade tip and the casing, but a larger thickness creates stronger back recirculation flow, 
which enhances the backflow cavitation behavior of the impeller. 
More elaborate numerical modelling, including unsteady simulations and transient effects, 
presence of non-condensable gases, compressibility effects on turbulence model, etc., would 
allow for a more detailed analysis and accurate prediction of the complex development and 






b1 Height blade at the inlet [mm] t∞ Mean flow time scale [s] 
fncg Non-condensable gas mass fraction [-] u1 
Circumferential velocity at the 
inlet of the impeller [m·s-1] 
fv Vapour mass fraction [-] w Relative velocity [m·s-1] 
Qtc,bfr 
Tip clearance backflow recirculation 
[m3·s-1] 
αncg 
Non-condensable gas volume 
fraction [-] 
R Impeller radius [m] β1 Blade angle [rad] 
R1 Impeller radius inlet [m] β1w Inlet flow angle [rad] 
R2 Impeller radius outlet [m] θ 
Angle used for the study of the 





BA Barotropic Approach LE Leading Edge 
BEP Best Efficiency Point MS Midspan 
BTBT Blade to Blade Topology NPSH Net Positive Suction Head 
CFD Computational Fluid Dynamics OP Operating Point 
FCM Full Cavitation Model TE Trailing Edge 
ICM Interface Capturing Methods TEM Transport equation-based models 
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